P eroxisome proliferator activated receptors (PPARs) are members of the nuclear hormone receptor superfamily and bind to DNA as a heterodimer with retinoid x receptor to regulate transcription. Three genes encode different PPARs (␣, ␤/␦, and ␥), and the gene products are differentially expressed in a variety of tissues. 1 PPARs have been most widely characterized with respect to their role in adipocyte growth and differentiation. 2 More recently, PPAR␥ has become the focus of attention for the treatment of noninsulin-dependent diabetes mellitus, due largely to successful treatment with the thiazolidinedione (TZD) class of drugs that act as specific PPAR␥ ligands. TZDs (ie, troglitazone, ciglitazone, pioglitazone, and rosiglitazone) activate PPAR␥, leading to improved insulin sensitivity and reduced blood pressure in both humans and animals through a mechanism that has not been completely elucidated. [3] [4] [5] [6] These findings, coupled with the observation that PPAR␥ is expressed in both vascular muscle 7 and endothelium, 8 suggest that it may play an important role in the regulation of blood pressure and vascular tone. Indeed, patients with mutations in PPAR␥ imparting dominant negative activity on the receptor, exhibit early onset hypertension and insulin resistance. 9 Moreover, TZDs have been shown to attenuate the development of atherosclerotic lesions, 10 increase the release of vasodilators such as nitric oxide 11 and c-natriuretic peptide, 12 and decrease expression of angiotensin receptors 13 and endothelin. 14 These effects of TZDs have been predominantly elucidated either in cell culture, models of insulin-resistance, or models with only acute changes in blood pressure. However, there is scant evidence to date for the effect of TZD treatment on blood pressure and vascular function in chronic models of hypertension and vascular dysfunction. Therefore, the present study was designed to test whether treatment with the TZD rosiglitazone has beneficial effects on blood pressure and endothelial function in a mouse model of lifelong hypertension caused by overexpression of both human renin and human angiotensinogen transgenes (R ϩ A ϩ ). The R ϩ A ϩ model has been previously established to have chronic hypertension, 15 vascular remodeling and hypertrophy, 16 impaired vessel responses to endotheliumdependent dilators and nitric oxide, 17, 18 and elevated levels of vascular superoxide. 18 
Methods

Drugs
Acetylcholine (ACh), papaverine, N -nitro-L-arginine methyl ester (L-NAME), and bisphenol A diglycidyl ether; 4,4Ј-Isopropylidenediphenol diglycidyl ether (BADGE) were obtained from Sigma. Rosiglitazone maleate (Alexis Biochemical) was dissolved in ethanol at 10 mmol/L. Ethanol or ethanol plus maleate was used as vehicle. For oral gavage, rosiglitazone maleate (Avandia) was ground and used as a suspension in sterile water. The PPAR␥ antagonist BADGE was dissolved in ethanol. Authentic nitric oxide was prepared as described previously. 19 
Experimental Animals
Double-transgenic (R ϩ A ϩ ) mice were genotyped as previously described. 15 
Blood Pressure and Vascular Studies
Systolic blood pressure was measured with an automated tail-cuff device (Visitech Systems BP-2000). 18 -20 Mean arterial pressure was recorded in conscious unrestrained R ϩ A ϩ mice treated with either vehicle or rosiglitazone for 21 days using indwelling carotid artery catheters. 20, 21 In a subset of mice the thoracic aorta (protein and RNA extraction) and the common carotid arteries (vascular function) were isolated and prepared. 17, 19, 20 
Molecular Methods
Aortic RNA was isolated using the RNeasy Protect Mini Kit (Qiagen) according to manufacturer's instructions. Detailed instructions for tissue preparation can be found in an online supplement available at http://www.hypertensionaha.org. Real-time polymerase chain reaction (PCR) was used to quantify relative differences in endothelial nitric oxide synthase (eNOS), angiotensin receptor 1 (AT1), and preproendoethlin-1 (PPET-1) gene expression using the BioRad Icycler (for more details see the online supplement). Probes and primers were designed using Beacon Designer 2.0 software (Premier Biosoft International) and generated at Integrated DNA Technologies (Coralville) with the exception of eNOS, which has been published. 22 Thoracic aorta from vehicle-and rosiglitazonetreated R ϩ A ϩ mice were used to isolate membrane and cytosolic protein fractions. Commercially available antibodies for ␤1 subunit of soluble guanylyl cyclase (Cayman Chemical) and eNOS (Santa Cruz) were used to assess protein expression.
Statistical Analysis
All data are expressed as meanϮSE. For concentration-response curves, comparisons were made with 1-way repeated measures ANOVA using a Student-Newman-Keuls post hoc test. All other comparisons were made using 1-way ANOVA or t test where appropriate. PϽ0.05 was considered significant.
Results
The present study tested whether treatment with rosiglitazone could reduce blood pressure and improve vascular function in R ϩ A ϩ mice. Body weight and nonfasted blood glucose were measured in vehicle-and rosiglitazone-treated animals. Rosiglitazone treatment did not affect body weight or blood glucose in either R ϩ A ϩ or RA Ϫ mice (Table) . Systolic pressure, measured with tail cuff, was significantly higher in R ϩ A ϩ mice compared with RA Ϫ mice (PϽ0.01), and vehicle treatment did not affect these pressures. Whereas treatment with rosiglitazone did not affect systolic pressure in RA Ϫ mice, it decreased (PϽ0.05) pressure in R ϩ A ϩ mice ( Figure 1A ). Mean arterial pressure was measured in a subset of R ϩ A ϩ mice using indwelling carotid artery catheters ( Figure 1B ). These data supported the tail cuff findings (145Ϯ5 mm Hg vehicle versus 126Ϯ7 mm Hg rosiglitazone, PϽ0.05). Heart weight to body weight ratio as a measure of cardiac hypertrophy was not affected (Table) . The rosiglitazone product literature indicates that doses as low as 3 mg/kg per day increase heart weight in mice.
Rosiglitazone treatment did not affect ACh responses in RA Ϫ mice (Figure 2A ), however it significantly improved the ACh response in R ϩ A ϩ mice at all doses ( Figure 2B ). Likewise, the NO response was unchanged by rosiglitazone in RA Ϫ mice but significantly improved at the highest dose in R ϩ A ϩ mice ( Figure 3A) . The concentration response to papaverine, a non-nitric oxide dependent dilator, was unaffected by rosiglitazone treatment in both RA Ϫ and R ϩ A ϩ mice and was not different between groups ( Figure 3B ). We investigated whether rosiglitazone treatment altered mRNA and protein expression of several genes in the vascular wall. First, we measured the expression of a known PPAR␥ target gene, leptin, from subcutaneous white adipose using an RNAse protection assay. As expected, leptin expression was decreased (as a ratio of leptin mRNA/␤-actin mRNA of 19.3Ϯ4 (nϭ4) versus 11.1Ϯ2 (nϭ5), t test PϽ0.04). Next, we measured mRNA levels using real time reverse transcription-PCR of eNOS, AT1, and PPET-1 from the aorta of vehicle-and rosiglitazone-treated R ϩ A ϩ mice. PPAR␥ activation has been reported to regulate the expression of these genes either directly or indirectly in other model systems. 11, 13, 14 In total, these experiments ( Figure 4) suggest that rosiglitazone does not alter expression of these genes in R ϩ A ϩ mice. Protein expression of soluble guanylyl cyclase ␤1 was not altered in rosiglitazone-treated R ϩ A ϩ mice, nor was the ratio of membrane to cytosolic eNOS protein, which was used as an index of eNOS activity ( Figure 5A and 5B).
Physical Characteristics
Finally, we tested whether rosiglitazone had nongenomic effects on carotid arteries in nontreated R ϩ A ϩ and RA Ϫ mice.
Concentration response curves to rosiglitazone were performed. Figure 6 demonstrates that rosiglitazone doses equal to or greater than 100 mol/L were required before significant relaxation in isolated vessels was observed. That this is 1000 times greater than the dose of ACh required to cause similar relaxation suggests the nongenomic effects may only occur at pharmacological doses. Moreover, incubation with L-NAME (200 mol/L) or BADGE (100 mol/L) suggests that this relaxation is not caused by acute NO generation or PPAR␥ activation (Figure 7 ).
Discussion
The present study was designed to evaluate the effect of rosiglitazone, a specific PPAR␥ agonist, on blood pressure and vessel function in a mouse model of lifelong hypertension with vascular dysfunction (R ϩ A ϩ ). There are several important findings. First, rosiglitazone treatment reduces blood pressure and improves the carotid artery response to ACh and authentic NO. Second, the mechanism of this improvement does not appear to involve changes in NO Finally, these data demonstrate that there may be PPAR␥ independent effects of rosiglitazone (at pharmacological concentrations) on vascular tone that may potentially contribute to the improved blood pressure.
We have previously examined the blood pressure and vascular phenotypes of R ϩ A ϩ mice. [15] [16] [17] [18] 21 It has been demonstrated that the increase in blood pressure is the result of central and peripheral effects of angiotensin II. 15, 21 In the vasculature, we reported that the R ϩ A ϩ model exhibits impaired responses to NO-dependent dilators 17, 18 making the R ϩ A ϩ mouse an appropriate model of lifelong, renin-angiotensin induced hypertension and vascular dysfunction.
Blood pressure lowering effects of TZDs in humans and rodent models of insulin resistance have been previously reported. [3] [4] [5] [6] 23, 24 Similarly, others have demonstrated that the acute change in blood pressure and vascular function in rats caused by angiotensin II infusion (osmotic minipumps) or endothelin (deoxycorticosterone acetate [DOCA] salt) can be prevented by simultaneous treatment with TZDs. 25, 26 This is the first study, to our knowledge, demonstrating that treatment with rosiglitazone can ameliorate lifelong renin-angiotensin-induced hypertension and extends the beneficial blood pressure effects of TZDs to a murine model of hypertension.
In addition to blood pressure effects of TZDs, there is evidence that these drugs can also improve vascular function in diabetic rat models. 3, 6 Our data support and extend on these findings by showing the beneficial vascular effects of rosiglitazone in a lifelong model of hypertension with normal blood glucose. In contrast to Diep et al, 25 who demonstrated that rosiglitazone treatment could prevent the development of impaired ACh responses after acute angiotensin II infusion, our findings show that rosiglitazone can improve both ACh and authentic NO responses. These data suggest that PPAR␥ activation leads to improved NO signaling in smooth muscle and endothelial cells, both of which are sites of PPAR␥ gene expression. However, the molecular mechanism of this improvement is not clear given that the expression of soluble guanylyl cyclase was not changed by rosiglitazone in either the membrane or cytosolic fraction of isolated aorta. It is important to note that the cellular localization of soluble guanylyl cyclase ␤1 is not restricted to the cytosol but also has high activity in the membrane fraction. 27 In addition, the ratio of eNOS protein in the membrane and cytosolic fractions was not altered. Inactivated eNOS is bound in the membrane to caveolin-1 and dissociates to the soluble fraction on activation. 28 Therefore we used this ratio as an index for estimating the amount of activated eNOS in the aorta following rosiglitazone treatment. Despite this, the reversal of impaired NO-dependent vessel responses after treatment with rosiglitazone demonstrates potentially important therapeutic benefits.
PPAR␥ is a nuclear transcription factor and therefore has the potential to regulate many genes. Because rosiglitazone is a specific high affinity ligand for PPAR␥, we investigated the expression of various potential molecular targets for PPAR␥ in the vascular wall. In the present study we tested the effect of rosiglitazone on the expression of three genes (eNOS, AT1 receptor, and PPET-1) that are important for vascular function. In order to confirm the efficacy of rosiglitazone treatment at the genomic level, however, we first showed that adipocyte leptin gene expression was decreased following treatment. Based on the improved vessel response to ACh we hypothesized that expression of the eNOS gene may be increased in rosiglitazone-treated mice, however this was not the case. Furthermore, while this work was in progress Calnek et al 11 reported that treatment of endothelial cells in culture with the PPAR␥ agonists ciglitazone or 15 deoxy PGJ 2 did not effect the eNOS gene expression but increased its release through a post-transcriptional mechanism that remains undefined. Similarly, our finding that AT1 receptor expression is not changed by rosiglitazone treatment in the R ϩ A ϩ model differs from several reports that have demonstrated that AT1 receptor expression is attenuated by PPAR␥ activation in cultured vascular muscle. 13 Similarly, expression of PPET-1, the precursor to the potent vasoconstrictor Ϫ mice preincubated with L-NAME had impaired responses to ACh (left). L-NAME did not alter rosiglitazone mediated relaxation (right). *PϽ0.05, 1-way repeated measures ANOVA, Student-NewmanKeuls post hoc. (B) The PPAR␥ antagonist BADGE had no effect on rosiglitazone-dependent relaxation in carotid arteries from RA Ϫ mice.
endothelin, was unchanged by rosiglitazone treatment in the R ϩ A ϩ model. These findings also differ from what others have reported in cell culture models or in the prevention of hypertension and vascular dysfunction in rats. 25, 26 Interestingly, the 5Ј flanking regions of eNOS, PPET-1, and AT1 do not contain a PPAR␥ response element, suggesting that the effects of PPAR␥ activation on the expression of AT1 and PPET-1 in these other model systems may be due to indirect control of gene transcription by PPAR␥.
In addition to potential genomic effects of rosiglitazone in the regulation of vascular tone and blood pressure there have been reports of PPAR␥-independent effects of the TZD class of drugs that are thought to be due to activation or inhibition of ion channel activity. 29 -31 More specifically, Eto et al 29 demonstrated in isolated vascular smooth muscle that rosiglitazone (100 mol/L) attenuated inward calcium currents and enhanced calcium-activated potassium currents. The net effect would cause cellular hyperpolarization and, therefore, relaxation of the vessel. Our findings support this hypothesis as pure rosiglitazone maleate causes vessel relaxation in a concentration dependent manner beginning at 100 mol/L. This relaxation is not altered in the presence of the eNOS inhibitor L-NAME or in the presence of the PPAR␥ antagonist BADGE, suggesting that this response was not dependent on activation of PPAR␥ or the release of NO by the endothelium. The relatively short time-course for the carotid relaxation response to rosiglitazone further supports the hypothesis that this occurs through a nontranscriptional mechanism but requires high doses. Importantly, BADGE has been shown to have a higher efficacy in inhibiting rosiglitazone-mediated responses than responses elicited by other TZDs. 32 These data suggest that rosiglitazone may directly regulate vessel tone and thus contribute to the improved blood pressure in the R ϩ A ϩ model. However the mechanism by which this occurs is not clear.
Perspectives
In the present study, treatment with a specific PPAR␥ agonist, rosiglitazone, was able to lower blood pressure and improve vascular function in a normoglycemic mouse model with preexisting hypertension and vascular dysfunction. It is important to note the distinction between the present study demonstrating the potential utility of PPAR␥ agonists for the treatment of hypertension and vascular dysfunction versus the work of others that have demonstrated that angiotensin II-or endothelin-induced vascular dysfunction can be prevented by TZD treatment. 25, 26 Therefore, despite the absence of a definitive molecular mechanism for the blood pressure and vascular improvements in the rosiglitazone treated R ϩ A ϩ model, these studies may have important clinical implications for the treatment of patients with hypertension and vascular disease and underscore the necessity for further studies to elucidate these mechanisms.
